Postharvest flower abscission is an ethylene-mediated process that can reduce the marketability of cut Chamelaucium Desf. (Myrtaceae) flowers. The sensitivity of 51
Introduction
Chamelaucium Desf. (Myrtaceae) is a native Australian genus traded internationally as a cut flower (Sutton, 2002) . Ten Chamelaucium spp. [C. axillare (F.
Muell.) ex Benth., C. ciliatum Desf., C. confertiflorum Domin., C. floriferum Marchant and Keighery, C. forrestii F. Muell., C. hallii Ewart, C. megalopetalum (F. Muell.) ex Benth., C. micranthum Turcz., C. pauciflorum Turcz., C. uncinatum Schauer] are cultivated for cut flower production (Manning et al., 1996; DAFFA, 2003) . C. uncinatum (Geraldton waxflower) is the most widely cultivated species and accounts for ca. 90 % of the volume of all Chamelaucium exports from Australia (D. Growns, pers. comm., 2003) . Cultivated forms of Chamelaucium are derived from either natural hybridisation or controlled intra-and interspecific and even intergeneric [e.g. C.
uncinatum × Verticordia plumosa (Desf.) Druce] crosses (Manning et al., 1996) .
Abscission is a process whereby organs such as leaves, fruit and floral structures are shed from plants. The hormones auxin and ethylene generally interact to retard and accelerate abscission, respectively (Sexton, 1995) . Ethylene accelerates floral organ abscission in a range of ornamental plants and thereby reduces their visual appearance and display life (van Doorn and Stead, 1997) . Ethylene gas, synthesised by the plant tissue itself or arising from other sources such as the combustion of fossil fuels, can accumulate to physiologically-active concentrations (e.g. > 0.1 µl l -1 ) inside enclosed areas used to trade ornamentals (Reid, 1995; Skog et al., 2001) . Ethylene binds to membrane-located protein receptors in plant cells and activates a phosphorylation signal transduction pathway that initiates downstream ethylene responses (Bleecker and Kende, 2000) .
Marketability of Chamelaucium spp. is often reduced by postharvest floral organ abscission. Abscission in C. uncinatum cultivars is mediated by exposure to ethylene (Joyce, 1988 (Joyce, , 1989 Macnish et al., 2000a, b) . Treatment of C. uncinatum cultivars with the ethylene binding inhibitors silver thiosulphate (STS) liquid and 1-methylcyclopropene (1-MCP) gas reduced floral organ abscission (Joyce, 1988 (Joyce, , 1989 Serek et al., 1995; Macnish et al., 2000a, b) . However, concern over the disposal of silver-containing waste solution into the environment has prompted legislators to restrict the use of STS on ornamentals (Cameron and Reid, 2001 ). On the other hand, a single 1-MCP treatment may only protect C. uncinatum flowers against ethylene for 2 to 4 days (Macnish et al., 2000a) . Thus, selection and breeding of genotypes with low sensitivity to ethylene may be a preferable approach to reducing floral organ abscission.
Conventional breeding programs with Dianthus caryophyllus L. have utilised natural variation in sensitivity between different cultivars to develop lines with reduced sensitivity to ethylene (Woltering et al., 1993; Onozaki et al., 2001) .
Observations by growers and exporters suggest that some Chamelaucium genotypes are less susceptible to floral organ abscission than others (K. Young, N.
Bennett, C. Caldicott, pers. comm., 2002) . Thus, ethylene sensitivity may vary among different genotypes and possibly across growing conditions. Quantification of the relative ethylene sensitivity of different Chamelaucium genotypes used as cut flowers could enhance breeding programs and postharvest operations. The present study evaluated the relative sensitivity to ethylene of flowers of 51 cultivated Chamelaucium genotypes. Sensitivity of flowers harvested at different times during the flowering season and during simulated export and vase life was also assessed.
Materials and methods

Plant material
Fifty-one Chamelaucium genotypes were sourced from farms near Gatton (27 ° 34 ' S, Table 1 ).
Photographs of the flowers of Chamelaucium uncinatum cv. 'Purple Pride', a representative Chamelaucium genotype, are shown in Fig. 1 . All genotypes were clonally propagated field-grown plants ranging in age from 1 to 12 years old.
Sensitivity to ethylene-induced flower abscission
The sensitivity of Chamelaucium genotypes to ethylene-induced flower abscission was determined as depicted in Fig. 2 . Eight to 10 flowering stems of each Chamelaucium genotype were harvested at random from three to five plants between 0900 and 1500 h according to accepted commercial practice (Beal et al., 1998) . Stems were harvested with 25 to 90 % opened flowers. Each genotype was harvested on at least two occasions during the flowering season at average intervals of 12.3 ± 0.6 (n = 89) days. Where possible, stems from the same plants were assessed at each harvest. C. uncinatum cvv. 'Purple Pride', 'CWA Pink', and 'Alba' and C. floriferum × C. uncinatum cv. 'Wanneroo' were common to three, three, two and three farms, respectively. Harvest of individual genotypes from more than one farm allowed comparison of ethylene sensitivity as affected by different production environments and/or management practices. Cut ends of harvested stems were immediately stood into buckets of deionised water. The stems were then transported in an air-conditioned car to the laboratory within 1 to 2 h of harvest.
Opened flowers with a nectiferous hypanthium (Olley et al., 1996) and without visible disease symptoms were excised at the base of their pedicels. The flower pedicels were inserted singly into individual 1.5 ml microfuge tubes through a small hole in the lid. These tubes contained deionised water at 20 °C. Flowers in tubes were then randomly assigned into polystyrene trays. For treatment, flowers in trays were placed inside 60 l (39 cm 3 ) capacity glass chambers. Two 100 ml beakers, each containing (Abeles et al., 1992) . Ethylene treatments were applied to flowers within 6 to 10 h of harvest of each genotype.
Ethylene sensitivity during the flowering season
Flowering C. uncinatum cvv. 'Purple Pride' and 'CWA Pink' stems were harvested from plants at the Gatton farm on nine and five occasions, respectively, over the 10-week flowering season. 'Purple Pride' and 'CWA Pink' are important export genotypes from Australia (K. Young, pers. comm., 2002) . Stems were sampled from the same plants at each harvest where possible. The stems were harvested at intervals of 2 to 16 ('Purple Pride') and 13 to 23 ('CWA Pink') days across the season. These intervals gave stems bearing a range (25 to 70 % for 'Purple Pride' and 29 to 57 % for 'CWA Pink') of different proportions of opened flowers (Beal et al., 1998) . Stems with opened nectiferous flowers were harvested, processed and treated with the same ethylene concentrations as described above for the genotype sensitivity experiments.
Ethylene sensitivity during simulated export and vase life
Flowering stems of C. uncinatum cv. 'Purple Pride' were harvested from plants at the Gatton farm. Stems with ca. 70 % opened flowers were prepared for export following standard commercial practices (Beal et al., 1998) . They were cut to 60 cmlength and combined into bunches of eight to 10 stems with total weight of ca. 400 g.
Flowering ends of 24 bunches were agitated up and down for 30 s in a solution of 1 ml Rovral  (a.i. iprodione) fungicide plus 5 ml Cislin  (a.i. deltramethrin) insecticide (Aventis CropScience Australia Pty Ltd, East Hawthorn, Vic., Australia) in 1 l rain water. Postharvest fungicide treatments are used to control pathogenic fungi (e.g.
Botrytis cinerea
Pers.) and limit associated flower abscission, while insecticide treatments are used to kill insects on flowers exported to markets with strict sanitary requirements (Manning et al., 1996) . The bunches were then placed onto wire racks for 5 min to drain and partially dry. Cut stem ends of the bunches were then stood into 10 l buckets (n = 3) containing 2 l of antimicrobial solution (10 mg l -1 chlorine as sodium dichloroisocyanurate deionised water; Blue Line stabilised pool chlorine, Melcann
Ltd, West Footscray, Vic., Australia). Bunches were next transported to the laboratory as described above for the genotype sensitivity experiments. They were then kept standing in solution for 2 h at 2 °C to cool and re-hydrate.
Half of the bunches (i.e. twelve bunches) were removed from solution and standing in buckets (n = 3) containing the chlorine solution were maintained as the controls. These bunches plus those packed in the cartons were moved (i.e. alternated every 24 h for 6 days) between controlled temperature rooms operating at 5 and 20 °C and ca. 50 % RH in order to simulate export conditions (Reid, 2001; Taylor et al., 2001) . At the end of simulated export by aeroplane, bunches were removed from cartons and stood into buckets (n = 3) containing chlorine solution. All bunches in buckets were then held at 20 ± 1 °C and 50 to 70 % RH with overhead cool white fluorescent bulbs providing 13 µmol m -2 s -1 at stem tip height for 12 h each day. Flower vase life after harvest was judged as the time (days) to wilting of 50 % of opened flowers (i.e. loss of turgor as evidenced by a decreased angle between petals and the central style; Joyce and Jones, 1992) .
At the same time on each day of simulated export handling, at the changeover between 5 and 20 °C, the cartons were opened and 100 flowers with a nectiferous hypanthium were excised at the base of their pedicels randomly from the bunches. The same number of flowers were also randomly removed from the control bunches standing in solution. Likewise, after simulated export, flowers (n = 100) were removed every 24 h during vase life evaluation from bunches originally kept in either cartons or buckets. The pedicels of all detached flowers were inserted individually into single microfuge tubes containing deionised water. The flowers were re-hydrated for 12 h at 20 °C and 50 % RH. They were then exposed to either 0 (control) or 1 µl l -1 ethylene for 12 h at 20 °C as described above for the genotype sensitivity experiments.
Measurements
Ethylene stock and treatment concentrations were monitored by gas chromatography (Taylor et al., 1997) . One ml gas samples were withdrawn from the stock flask or treatment chamber using a 1 ml plastic syringe and injected into a Shimadzu GC-8AIF gas chromatograph (GC) (Shimadzu Corp., Kyoto, Japan). The oven temperature was 90 °C, the glass column was 0.9 m-long and 3.5 mm-internal diameter and contained activated alumina with a mesh range of 80/100, and the flame ionisation detector was run at 120 °C. A 0.09 µl l -1 or a 103 µl l -1 ethylene standard (β-grade special gas mixture, BOC Gases Australia Ltd, North Ryde, NSW, Australia) was used to calibrate the GC. The lowest ethylene concentration detectable by the GC was 0.01 µl l -1 . The ethylene concentration inside chambers holding the control flowers was always below the minimum detection limit of the GC.
After ethylene treatment, flowers were removed from chambers and immediately assessed for abscission. Flower abscission was determined by holding the calyx tube with one hand and lightly pressing a finger against the side of the pedicel at a position 5 mm below the abscission zone. Pressure was applied until abscission occurred or the base of the pedicel moved to make a 45 ° angle to the calyx tube. Finger pressure was measured using a Shimadzu AGS-H Instron (Shimadzu Corp., Kyoto, Japan) to be around 0.56 N. Abscission levels were expressed as the proportion (%) of the total number of flowers per treatment.
Experiment design and data analysis
Fifty replicate flowers were used for each treatment. Ethylene treatments were arranged in a completely randomised design within a controlled temperature (20 °C)
room. Due to a limitation in the number of treatment chambers available, only one chamber was used for each treatment concentration. No ethylene leakage from chambers could be detected through checking internal concentrations by gas chromatography. Flowering bunches in buckets and flower cartons packed with bunches were all arranged at random within single controlled environment rooms.
Flower abscission data for the different species and crosses are presented as means ± standard errors. For the individual genotypes within species and crosses, flower abscission data were processed using SAS Release 6.12 (SAS Institute Inc., Cary, NC, USA) as logistic regressions that described the relationship between abscission and ethylene treatment concentration (Collett, 1991) . The logistic regression equation was then used to calculate the ethylene concentration required to induce 10 % flower abscission. Loss of visual appeal and marketability of C. uncinatum is associated with the abscission of ≥ 10 % of flowers on a stem (Macnish et al., 2000a) .
For the genotype sensitivity experiments, the estimated ethylene concentrations that induced 10 % abscission were grouped into classes of < 0.01, 0.01 to 0.09, 0.1 to 0.99, 1 to 9.9, 10 to 100, and > 100 µl l -1 .
In the experiment examining abscission responses of flowers during simulated export and vase life, data are presented as the proportion (%) of flowers that abscised over time. The Pearson correlation coefficient (r) was used to test for an association between the proportion (%) of flower abscission and the time (days) of ethylene treatment using Minitab (Release 13.1, Minitab Inc., State College, PA, USA).
Correlations were considered significant at P ≤ 0.05.
Results and Discussion
Ethylene sensitivity between species and crosses
Considerable variation existed between Chamelaucium species and crosses in their sensitivity to ethylene-induced flower abscission (Fig. 3) . 
Ethylene sensitivity within species and crosses
There was also considerable variation in the sensitivity to ethylene-induced flower abscission between cultivars within C. uncinatum, C. uncinatum × C. micranthum, C. micranthum × C. unincatum, C. floriferum × C. uncinatum, and C. megalopetalum × C. uncinatum (Table 2 ). In C. uncinatum, the ethylene concentration and 'Alba' (Joyce, 1988 (Joyce, , 1989 Macnish et al., 2000a, b) . The current study extends these findings in revealing the extent of variation in ethylene sensitivity among a broad range of cultivars of C. uncinatum and other Chamelaucium species.
Variation in ethylene sensitivity among Chamelaucium genotypes may represent genetic differences in either the number or affinity of ethylene receptors and/or the activity of the signal transduction pathway in tissue (Tieman and Klee, 1999) . Breeding programs with Dianthus caryophyllus have confirmed that ethylene sensitivity is a heritable trait (Woltering et al., 1993; Onozaki et al., 2001) . In some Chamelaucium intra-and interspecific and intergeneric crosses, sensitivity of the progeny to ethyleneinduced flower abscission may be related to the sensitivity of the parents. Crosses between either C. uncinatum or C. floriferum and Verticordia plumosa (i.e. 'Jasper' and 'Eric John', respectively) were only slightly sensitive (i.e. shed 4 to 14 % of flowers) to treatment with 100 µl l -1 ethylene for 12 h at 20 °C. This observation is consistent with the finding that flower abscission from Verticordia plumosa, another native Australian flower species, is not induced by ethylene (Joyce and Poole, 1993) . Thus, the range in ethylene sensitivity within the Chamelaucium genus and related genera (e.g.
Verticordia)
highlights the potential for breeding and selection of genotypes with reduced levels of flower abscission for cut flower markets.
Ethylene sensitivity at different farms and harvests
The sensitivity to ethylene-induced abscission varied for flowers from the same genotypes (i.e. C. uncinatum cvv. 'Purple Pride', 'CWA Pink', 'Alba', C. floriferum × C. uncinatum 'Wanneroo') harvested from different farms. This environment and/or management-related phenotypic variation is evidenced by the range of ethylene concentrations required to induce 10 % flower abscission (Table 2) flowers from any of the harvests.
Abscission of plant organs is typically inhibited by auxin and accelerated by ethylene (Sexton, 1995) . A reduction in the relative auxin flux from the organ across the abscission zone increases the sensitivity of tissue to ethylene. Variation in ethylene sensitivity of Chamelaucium genotypes across harvests and farms may correspond to changes in the environment and management practices (Joyce, 2001 ). Exposure to water deficit and low and high temperatures can reduce auxin synthesis and its transport from the subtending organ and enhance ethylene-induced abscission (Guinn and Brummett, 1988; Huberman et al., 1997; Michaeli et al., 1999) . Accordingly, transient changes in the environmental conditions (e.g. temperature) and management practices (e.g. irrigation) at each harvest may have altered the ethylene sensitivity of Chamelaucium flowers. Ethylene sensitivity is also developmentally-regulated in some species (e.g. Pelargonium) (Evensen, 1991) . Differences in the physiology of opened nectiferous Chamelaucium flowers excised for treatment from harvested stems bearing varying proportions of opened flowers may have altered the sensitivity of excised flowers to ethylene. These responses have implications for the selection of genotypes with greater durability for export handling, in that it may be desirable to screen flowers from multiple harvests and growing conditions.
Ethylene sensitivity during simulated export and vase life
The responsiveness of C. uncinatum cv. 'Purple Pride' flowers to abscission induced by treatment with 1 µl l -1 ethylene for 12 h at 20 °C was similar on each day of simulated aeroplane export from days 0 to 6 (Fig. 4) . However, during the subsequent 6 day vase life evaluation at 20 °C, the level of ethylene-induced flower abscission gradually decreased over time as the flower petals started to wilt. Similarly, levels of ethylene-induced abscission of flowers from stems kept in solution in a vase life room were relatively constant from days 0 to 5, but then decreased slightly on each day until the end of vase life on day 9 (Fig. 4) . There was a significant (P < 0.01) negative correlation between the decrease in the abscission level (Y co-ordinate) with the increase in time of vase life (X co-ordinate) for flowers subjected to export conditions (r = -0.742; n = 13) or for those that always remained in solution (r = -0.871; n = 10).
There was no abscission during export and vase life evaluation from control (0 µl l -1 ethylene) flowers.
C. uncinatum flower vase life is judged to end when the petals wilt and close in association with the loss of fresh mass and turgor pressure (Joyce and Jones, 1992; Olley et al., 1996) . Maintenance of turgor in plant organ abscission zone cells is required to provide pressure for the final stages of cell separation (Sexton, 1995) .
Hence, a probable reduction in turgor pressure in 'Purple Pride' flowers during vase life may have reduced ethylene-induced abscission responses. Joyce (1993) reported that C. uncinatum cv. 'Newmarracarra' stems that were dehydrated to 69 % of their initial fresh mass seldom abscised flowers. However, flower abscission proceeded upon rehydration of these stems.
The current study highlights that certain Chamelaucium genotypes (e.g. C.
uncinatum cvv. 'Early Nir', 'Paddy's Late') require particularly careful attention to treatments aimed at reducing flower abscission during postharvest handling. Ethylene gas can accumulate to 0.1 and 13 µl l -1 inside enclosed areas used to store and market ornamentals (Skog et al., 2001) . Therefore, genotypes sensitive to 0.01 to 9.9 µl l -1 ethylene treatments (Table 2) would require either STS or 1-MCP treatments to reduce flower abscission. These treatments can protect sensitive C. uncinatum cultivars against ethylene-induced flower abscission (Joyce, 1988 (Joyce, , 1989 Macnish et al., 2000a, b) . In contrast, there may be no benefit in treating genotypes that were insensitive to ethylene (e.g. C. megalopetalum 'Winter White') with STS or 1-MCP (Table 2 ).
In conclusion, the sensitivity of Chamelaucium genotypes to ethylene-induced flower abscission varied both among and within species and crosses and also between harvests. This finding confirms observations of growers and exporters of Chamelaucium and concurs with findings for other ornamental species (e.g. Dianthus).
The results further suggest that relative ethylene sensitivity should be assessed on Millmerran, depending upon the particular species or cross (see Table 1 
